Abstract-The application of mini-environment and standard mechanical interface (SMIF) enclosure in the clean room can efficiently reduce airborne particles and isolate the personnel from the product. The purpose of this article is to reduce the recirculation zone and to maintain the positive pressure from the analysis results of the airflow field and pressure distribution of SMIF enclosure and mini-environment. The simulation code CFX will be used to study the flow field of air movement corresponding to the associated design parameters. The results show that proper drilling holes or slots can reduce the circulation zones of SMIF enclosure. The positive pressure of SMIF enclosure is mainly affected by inlet air flux, area of outlets, and leakage area. The calculated results can provide the design rules for SMIF Robot inside the SMIF enclosure and reduce the particle accumulation during robot moving.
I. INTRODUCTION
A S THE SEMICONDUCTOR process technologies advance in leaps and bounds, the manufacturing operations take place at almost the molecular level. The requirement on the cleanliness of the process environments has increased as a result. However, conventional clean rooms no longer meet the critical demand on air quality, thereby giving rise to the design concepts of mini-environments. Hewlett-Packard Laboratories first proposed the concept of using standard mechanical interface (SMIF) wafer cassettes for transport in the manufacturing of very large integrated circuit [1] . The main advantage of mini-environment and SMIF enclosure is the reduction of the area requiring high degree of cleanliness, which decreases the construction cost and operating cost of a clean room substantially. The effective isolation of the product from the major pollution source also stabilizes the control of cleanliness, significantly increases the product yield. Besides, it can also isolate special equipment or the equipment containing toxic chemicals, thereby reducing the health risks to personnel and providing operators with a more comfortable environment. The primary disadvantage is the greater complexity in fab. design, which requires more equipment accessories and slows down the process. In addition, the multiple environment isolation design naturally adds to the inconvenience of product transport and easily causes cross contamination. To improve the flexibility and efficiency of the application of mini-environments, the application of self-cleanliness system to avoid cross contamination in SMIF enclosure now holds the key to the development of mini-environments. Many engineers and researchers have conducted numerical simulation and experimental measurement studies related to the control of cleanliness in mini-environments or to propose the design rules of combining SMIF with mini-environments [2] - [7] . This paper presents the numerical simulation to analyze a SMIF enclosure with the objective of providing the rules for the air purification design in wafer isolation and automatic transport equipment. enclosure, a SMIF for controlling and transporting wafer cassette and a SMIF robot arm for transferring the product in and out of the process equipment and an empty SMIF pod at the top of SMIF enclosure. The mini-environment contains a local recirculation air supply system with velocity from a fan filter unit (FFU) to isolate product manufacturing from surrounding in order to maintain ultra clean environment. The CFX code will be used to study the flow field of air movement corresponding to the design parameters. The purpose of this article is to reduce the recirculation zone and to maintain the positive pressure from the analysis results of the airflow field and pressure distribution of SMIF enclosure and mini-environment.
II. NUMERICAL MODEL
The model of the actual equipment is divided into four blocks in this article, as shown in Fig. 2 . Block 1 represents the region of air supply system, block 2 contains cassette and robot arm, block 3 is the empty SMIF pod, and block 4 includes the region of mini-environment. The grid choices for the entire physical domains including each block, cassette and robot arm are optimally tested. Table I shows the final optimal results of block sizes and number of cells. In the three-dimensional (3-D) model flow field, the following assumptions were made for this analysis: the flow is Newtonian and incompressible; all of the physical properties of liquid and solid material are constant; the flow is turbulence; and the thermal effect can be neglected. Using the assumptions stated above, the governing form include continuity, momentum, equations can be expressed as (1) where is the air density, is the effective diffusive coefficient, is the air velocity vector, is the source or sink term for corresponding variable . The independent variable includes the three velocity components ( , , ), pressure , turbulent kinetic energy and the dissipation rate of turbulent kinetic energy .
and were described by Patankar [8] . For turbulent closure the standard model is adopted, the five adjustable constants in model take the values obtained by comprehensive data fitting for a wide range of turbulent flows, which are , , , and . The inlet boundary conditions at the airflow passing through the ULPA filters in the inlets of the mini-environment and SMIF enclosure assume to be uniform. The pressure in the mini-environments must be confined strictly to maintain the positive pressure state. Generally in clean room the internal pressure is 5 Pa larger than the outside pressure to ensure the cleanliness. For this reason, the pressure setting in all outlets are 5 Pa in mini-environment and SMIF enclosure. It is also assumed that on the solid surfaces no-slip conditions are required.
The above equations are solved using a commercial CFD code, CFX4, based on a finite volume discretization method. The CFD code utilizes the multi-block concept to establish a computational geometry. Within the code, the standard hybriddifferencing scheme and the semi-implicit pressure linked equation (SIMPLE) pressure correction algorithm are used in numerical analysis [9] . The CFD code checks convergence criteria by examining the residual of each solution and by the iteration times. The residual of the mass flow rate, for example, is defined as (2) where is the grid number, and and are the flow rates entering and leaving the control volume, respectively. In this study the residual of the mass flow rate, velocity components and turbulent kinetic energy reach 10 (except the turbulent dissipation). Therefore, the convergence criteria were set to be 10 for these residual.
III. RESULTS AND DISCUSSION
In order to meet the requirement of cleanliness Class 1 or 0.1 inside the space of the SMIF enclosure, the circulation zones in the SMIF enclosure should be eliminated or reduced as much as possible, especially in the areas near the wafer cassette. To eliminate or reduce the presence of the circulation zones, the velocity gradient and pressure gradient in the flow field must be minimized as much as possible [2] . That is, the flow field should approach uniformity. Besides, the gauge pressure must be strictly maintained 10 Pa-17 Pa in mini-environment and SMIF enclosure.
The major design parameters affecting the flow field include the position and size of slot drilling at the bottom of the SMIF enclosure, inlet air velocity of the SMIF enclosure , inlet air velocity of the mini-environment , the leakage area on the contact face between the mini-environment and SMIF enclosure and the position of the robot arm in the SMIF enclosure. The effect of above parameters on the flow fields and pressure distributions are discussed in the following sections.
Slotting at the bottom of the SMIF enclosure and changing the air flow velocity inside the SMIF enclosure can be adopted to obtain better flow field distribution and eliminate or reduce the presence of circulation zones [3] , [5] . Fig. 3 shows four different models with regard to different slotting open position and area at the cross section A-A in Fig. 1 , which locates at the SMIF equipment. Slotting at this location can be easily manufactured and effectively improved the flow field and reduced the unwanted recirculation area. Four different slot open positions and area can provide the information of their impact on the flow field. Except for differences in the position and area of slot, the rest of the boundary conditions are the same in all cases. In order to supply uniform flow in mini-environment, the slot porosity at the air outlet of the mini-environment is set 12%. Besides, the velocity at the SMIF air inlet is set at 0.5 m/s and that at the mini-environment air inlet 0.3m/s.
The flow field of the simulation result is recorded based on the flow channel ( plane) between the wafer cassette and transport robot mainly because the information obtained on the plane is more useful and easier to analyze. Fig. 4 shows the velocity and pressure distributions for the 5473 mm case. The The velocity difference between the influx airflow and zone airflow should be minimized to increase the cleanliness [4] . , 0.4, and 0.5 m/s all meet this requirement. As shown in Fig. 6 , the pressure distribution of 0.3 m/s displays a better uniformity and no low pressure zone. And the airflow obviously flows toward the slotting at the bottom. As shown in Fig. 7 , to meet the requirement of the positive pressure, when s, the value ranges between 0.25 m/s and 0.42 m/s. Fig. 8 shows the velocity and pressure distributions at m/s. The circulation zone tends to decrease. This trend is even more pronounced when examined by the pressure. In fact, the change of velocity of the mini-environment does not have a significant impact on the flow field in SMIF. The effect of the changes in inlet velocity falls mainly on the pressure field. The reason is that the inlet cross section of the mini-environment is around 4.58 times of the SMIF enclosure inlet, producing a greater impact on the pressure field. Besides, since the airflow of SMIF enclosure comes primarily from the enclosure inlet, the flow pattern should naturally sustain a greater impact.
The area of leakage between SMIF enclosure and mini-environment for the simulation cases chosen to be 0, 10387, 20773, and 41 547 mm , and the results shown in Figs. 9 and 10. In Fig. 9 , the findings indicate that the larger the leakage area between SMIF and the mini-environment, the lower the pressure and the more difficult it is to maintain the positive pressure. In addition, the requirement of a positive pressure different of at least 5 Pa, when m/s and m/s, the leakage area must not exceed 5000 mm . If the leakage area exceeds 5000 mm , the inlet velocity must exceed 0.3 m/s. Comparing two different leakage area 0 and 20 773 mm , the Fig. 10 indicate that the flow field of the case of larger leakage area displays only a small circulation zone at the upper left corner in the SMIF enclosure for the largest leakage area. But the greater the effect of the airflow from the SMIF enclosure on the flow field in the mini-environment. Therefore, to adjust the leakage area between SMIF and the mini-environment can effectively eliminate the circulation zone within the pressure requirement.
The movement of the robot arm between SMIF and the minienvironment certainly affects the flow field. Here, the positions of the wafer cassette and robot arm are shown in Table II . The inlet velocity of the SMIF enclosure and the inlet velocity of the mini-environment are set at 0.5 and 0.3 m/s respectively. Fig. 11 shows the velocity vector plot. The flow pattern is not affected by the wafer cassette and robot arm positions. Thus, only a larger circulation zone is found in position 1. However, as the wafer cassette and robot moves to the right, the overall internal pressure value tends to increase in pressure-contour diagram. The reason is that part of the wafer cassette and robot arm, after entering the mini-environment, blocks the downward airflow at the mini-environment inlet, which raises the pressure in the flow field.
IV. CONCLUSION
To achieve the requirement of cleanliness in the mini-environment and SMIF enclosure, the present CFD simulation results for flow field and pressure distribution are shown for different parameters. The effects of major parameter are summarized below.
1) Slotting at the bottom of the SMIF enclosure strongly influences the flow pattern and pressure distribution. Position and area of slot are appropriately set to reduce the circulation zone and to solve the requirement of positive pressure effectively.
2)
As the air inlet velocity of the SMIF enclosure reaches 0.3 m/s to meet the requirement of the positive pressure, the value of the inlet velocity of the mini-environment must maintain at least 0.3 m/s. Additionally, when inlet velocity of the SMIF enclosure equals 0.5 m/s, the inlet velocity of the mini-environment ranges between 0.25 m/s and 0.42 m/s. The air inlet velocity of the SMIF enclosure affects the flow pattern more than that of the mini-environment.
3)
The larger leakage rate between SMIF enclosure and the mini-environment can land to the greater effect of the airflow from the mini-environment on the flow field in the SMIF enclosure. The larger leakage rate brings on the lower pressure and consequently it is more difficult to maintain the positive pressure.
4)
As the wafer cassette and robot arm moves into the mini-environment, the overall internal pressure value tends to increase.
